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Abstract— The conventional two-level inverter based distribu-
tion static compensator (DSTATCOM) requires high switching
frequency and fast digital signal processors (DSPs) to obtain
smaller voltage/current ripples and low total harmonic distortion
(THD). This increases the switching loss and computational bur-
den. To solve such problems, this paper proposes a simplified
four-level (S4L) inverter based DSTATCOM. The proposed in-
verter has a two-stage structure. The first stage produces three
different voltage levels of full, two thirds, and one third of DC link
voltage. These voltage levels are supplied to the second stage
two-level inverter. Together with the zero voltage produced by the
two-level inverter, the output of the proposed inverter can be four
levels. With the same switching frequency and computational time,
the S4L inverter based DSTATCOM achieves much better per-
formance than the conventional ones. Moreover, compared with
the existing multilevel inverter based DSTATCOMs, it is more
cost-effective. To further enhance its performance, model predic-
tive control (MPC) is employed. Experimental results are pre-
sented to verify the validity of the proposed system.

Index Terms— Single-phase distribution static compensator
(DSTATCOM), simplified four-level (S4L) inverter, total har-
monic distortion (THD), model predictive control (MPC).

. INTRODUCTION

N the modern power system, more and more nonlinear loads

are integrated [1]. These types of loads will degrade the
power factor at the source. The power factor plays a crucial role
in the power transmission system [2]-[5]. To transfer a certain
amount of electrical power, the current magnitude on the
transmission line is higher under a lower power factor [2], [4].
The size of the transmission line conductor has to be increased
accordingly in order to handle the higher current magnitude. It
will increase the manufactural cost of the transmission system.
Therefore, it is important to maintain a unity power factor at the
source side.

Among all the power factor correction devices, the distribu-
tion static compensator (DSTATCOM) is one of the most
comprehensive devices to solve this problem [6]. A typical
DSTATCOM consists of a two-level voltage source inverter
(VSI), a DC link capacitor and an inductor. The working prin-
ciple of the DSTATCOM is to inject a current of specific phase
angle and magnitude into the distribution line, so that the source
current is regulated at the rated sinusoidal waveform and in
phase with the source voltage [6].

In [6], the authors apply the H-bridge cascaded multilevel
inverter to achieve four-level voltage output of the
DSTATCOM. Each phase requires three cascaded H-bridge
modules. The DC voltage magnitude of each module is iden-
tical. In [7], the photovoltaic array is used to support the DC
link of the DSTATCOM. In addition to the power quality
compensation ability, the PV-DSTATCOM can also supply
power to the grid and the connected load. The inverter applied
in the PV- DSTATCOM is the conventional two-level inverter.
In [8], the DSTATCOM is operated in the voltage control mode.
A detailed design procedure for selecting the external inductor
is also carried out. In [9], the DSTATCOM is used to com-
pensate the reactive power and harmonics in a constant speed
turbine based induction generator. In [10], an LCL filter is
utilized at the front end of the two-level converter. The in-
ductance value of the LCL filter is smaller than that of the L
filter. In [11], the JAYA optimization algorithm is adopted to
calculate the gains of the PI controller and filter parameters in
the PV-DSTATCOM. In [12], the leaky least mean fourth
algorithm is used to extract the fundamental component from
the load current in the controller of PV- DSTATCOM. In [13],
the combined least mean square—least mean fourth algorithm is
applied to generate the reference source current. In [14], the
frequency-adaptive disturbance observer is used to eliminate
the harmonic components in the load current. In [15], the au-
thors discuss the current control mode and voltage control
mode of the DSTATCOM. In [16], an immune feedback con-
trol method is developed to increase the convergence speed and
reduce the computational complexity in the controller of the
DSTATCOM. In [17], a second-order Volterra-filter-based
control algorithm is utilized in the PV-DSTATCOM. By ap-
plying this algorithm, the error of the system can exponentially
converge to zero asymptotically. In [18], the i-PNLMS algo-
rithm is adopted in the DSTATCOM. Compared with the
conventional normalized least mean square algorithm, the
i-PNLMS algorithm can provide faster convergence and less
steady-state error. In [19], a reduced switch count multilevel
converter is used in the DSTATCOM to gradually adjust the
DC link voltage according to the different load conditions. In
[20], the Chebyshev functional expansion based artificial neu-
ral network algorithm is applied in the DSTATCOM to increase
the convergence speed and reduce the computational effort in
the controller. In [21], an adaptive neurofuzzy inference system
least mean square-based control algorithm is developed for the
DSTATCOM. This algorithm is used to extract the sinusoidal
reference current from the distorted load current. In [22], the
neural network is applied in the DSTATCOM to generate the
reference source voltage based on load conductance estimation.



It is reported in literatures that high switching frequency is
generally needed to maintain low harmonics in the source
current, implying high switching loss. Accordingly, the sample
time of the digital signal processor (DSP) must be made small
enough to cope with the high switching frequency. This una-
voidably increases the computational burden of DSP. Therefore,
in practical applications, a lower switching frequency of the
power converter is preferred.

In the conventional two-level inverter based DSTATCOM
topology, the DC side can only provide a full DC link voltage.
When the magnitude of the required output voltage of the
full-bridge inverter is small, the full DC link voltage will in-
troduce undesired harmonics into the source current. One so-
lution to the problem is employing multilevel inverter, which is
capable of producing improved power quality and low total
harmonic distortion (THD). The multilevel inverter can provide
good harmonic mitigation performance with a low operating
switching frequency. For example, in [6], the H-bridge cas-
caded multilevel inverter is applied to achieve four-level volt-
age output of the DSTATCOM. The sampling time is 100 us
and the switching frequency is 5 kHz in [6]. In [23] and [24],
the flying capacitor multilevel inverter (FCMLI) and the di-
ode-clamped multilevel inverter (DCMLI) are applied in
DSTATCOM to provide three-level voltage for the inverter
output. The three-level neutral point clamped (3L-NPC) in-
verter is also a commonly utilized topology in the DSTATCOM
[25]-[27]. The 3L-NPC inverter can also output three-level
voltage. The T-type converter is also a popular multilevel
converter to provide three voltage levels [28]. The T-type
converter does not need additional diodes compared to the NPC
converter. The required components of the aforementioned
two-level, three-level and four-level inverters are summarized
in Table I. It is noted that the H-bridge cascaded four-level
inverter can provide the lowest THD. However, it requires
more components compared with other topologies, which

makes it not a cost-effective solution. The three-level inverters
cannot provide the same performance as the H-bridge cascaded
four-level inverter. Hence, both the three-level inverters and the
H-bridge cascaded four-level inverter are not the best solution
for the DSTATCOM in terms of cost and performance.

In this paper, we attempt to use a new simplified four-level
(S4L) inverter in the DSTATCOM. This new S4L inverter does
not require additional components compared with the
three-level inverters. Meanwhile, it can output four-level
voltage. The proposed S4L inverter is based on a three-level
simplified NPC inverter [29]-[31], which comprises a dual
buck converter and a conventional two-level inverter as pre-
sented in Fig. 1. In the three-level simplified NPC inverter, the
dual buck converter only generates two voltage levels (+Vqc,
+V4c/2) from the full DC link voltage V. It is still a three-level
inverter. In the proposed S4L inverter, the dual buck converter
can generate three voltage levels (+Vge, +2V4c/3, +Vge/3). In-
cluding the zero voltage generated by the two-level inverter, the
output voltages of the proposed inverter are four levels (+Vgc,
+2Vq4e/3, +Va/3, 0). Thus, more options of the output voltage
can be provided, when the magnitude of the required voltage is
relatively small. In this way, the problem can be significantly
alleviated and the generated current harmonics can be effec-
tively suppressed. Furthermore, the four-level inverter based
DSTATCOM is more cost-effective, as it requires less com-
ponents compared with other multilevel topologies. The volt-
age rating and switching losses of the switches in the proposed
S4L inverter are compared with the commonly used T-type
inverter in Appendix A and Appendix B, respectively.

To optimize the control of the S4L inverter based
DSTATCOM, model predictive control (MPC) technique is
adopted in this paper. The MPC is able to offer smooth transient
performance and fast dynamics response [32]-[37].

The contribution of this paper is summarized as follows:

1) The S4L inverter based DSTATCOM requires less

s

TABLE |
COMPARISON OF PERFORMANCE AND REQUIRED COMPONENTS OF THE TWO-LEVEL, THREE-LEVEL AND FOUR-LEVEL INVERTERS IN SINGLE-PHASE
DSTATCOMs
Topology THD Switching Numbe_r of active Number of diodes Number of_ DC link
frequency switches capacitors
Two-level H-bridge [7] High High 4 4 1
FCMLI [23] medium medium 8 8 5
DCMLI [24] medium medium 8 14 4
Three-level NPC [26] medium medium 8 12 2
SNPC [29] medium medium 8 8 2
T-type [28] medium medium 8 8 2
Four-level H-bridge cascaded [6] Low Low 12 12 3
Proposed S4L Low Low 8 8 2
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Fig. 1. Topology of S4L inverter based single-phase DSTATCOM.



components compared with the commonly used
multilevel inverter based DSTATCOMs. It is a
more cost-effective solution for source current
compensation.

2) Compared with the commonly used three-level in-
verter, the S4L inverter can output four-level volt-
ages without adding additional components. The
harmonics in the source current can be mitigated.

The rest of this paper is arranged as follows. The detailed
topology and the discrete-time model of the S4L inverter based
DSTATCOM are presented in Section Il. Using the derived
discrete-time model, the MPC based controller is designed in
Section I11. Section IV shows the experimental results of the
laboratorial prototype. Section V concludes this paper.

Il. TOPOLOGY OF S4L INVERTER BASED DSTATCOM

A. System Topology

Fig. 1 shows the topology of the S4L inverter based sin-
gle-phase DSTATCOM. is, i and i; are the source current, load
current and inductor current, respectively. vs is the source
voltage. V. is the total DC link voltage. vp, and v, represent the
upper and lower arm voltages. It can be observed from the
topology illustrated in Fig. 1, the S4L inverter based sin-
gle-phase DSTATCOM consists of a two-level inverter (S1, S2,
S3 and S4), a dual buck converter (S5, S6, S7 and S8), two DC
capacitors (Cge1 and Cqcz) and an inductor (Ls).

As mentioned previously, the dual buck converter is re-
sponsible for generating the three voltage levels (+Vgc, +2V4c/3,
+V4c/3) from the full DC link voltage Vgc. These voltage levels
are obtained from the switching combinations of S5, S6, S7 and
S8 tabulated in Table I1. It is obvious that if the voltages across
the two capacitors Cqc1 and Cye2 can be maintained at +2Vc/3
and +Vq/3, the terminal voltage vp, of the dual buck converter
is +Vqc, +2Vae/3, +Vae/3). Including the zero voltage generated
by the two-level inverter, the output voltages vin, of the pro-
posed inverter are four levels (+Vqc, +2Vad/3, +Vac/3, 0). Sym-
metrically, the negative part of vin is also four-level (-Vgc,
-2Ve/3, -V4e/3, 0).

TABLE Il
SWITCHING COMBINATIONS AND TERMINAL VOLTAGE OF DUAL Buck
CONVERTER
Switching Combinations Terminal Voltage
S5 S6 S7 S8 Von
0 0 1 1 +Vie
0 1 1 0 +Vp = +2V/3
1 0 0 1 +Vp = +Vg/3

B. Discrete-Time Model

Fig. 2 illustrates the equivalent circuit of the SAL inverter
based single-phase DSTATCOM. The output voltage of the
four-level inverter is derived as

Vinv = uvdc (1)
where u is the switching variable. Based on the output voltage
of the two-level inverter, it can be obtained that

uedl, 2/3, 1/3, 0, -1/3, -2/3, -1}.

In Fig. 2, the following equations describe the dynamics of
the S4L inverter based single-phase DSTATCOM.
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Fig. 2. Equivalent circuit of S4L inverter based single-phase
DSTATCOM.
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When t = k + 1, the discretization of (2) is realized by uti-

lizing the forward-Euler method as
. . T T,
i (K+2) =i (k) + =g (k) ==V, (K) (4)

Lf Lf
where Ts is the sampling time. Due to a small value of Ts, the
values of the sensed signals i_ and vs are treated as constant in
two subsequent sampling instants. Then we obtain the equa-
tions as follows:

i (k+D) =i (k) 5)
Vs (k +1) = v, (k) ®)
From (3), we can obtain that
is(k+2) =i, (k+1)+i (k+1) 7
Substitute (4) and (5) into (7), Equation (7) is rewritten as
KD =i 0+ 00 - 0+ K @

f f

Using (4), (5), (6) and (8), the state-space model of the S4L
inverter based single-phase DSTATCOM is derived as

X(k+1) = Ax(k) + Bu(k) (9)
y(k) =Cx(k) (10)
where
1 £ 00 T
AZOTIOO;B: TOV ,C=[0 0 1 0;
1 =01 e
0 0 01 0

x(K) = [it(k) vs(k) is(k) iL(k)]" represents the vector of the state
variables; u(k) represents the switching variables, i.e., the con-
trol input in MPC; y(K) = is(k) is the system output. Then the
system output can be regulated to track the reference signal. In
this work, it is the source current reference.

I1l. MPC BASED CONTROLLER DESIGN

Due to the superior performance in power electronic devices
[31]-[36], the MPC method is utilized to control the S4L in-
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Fig. 3. Block diagram of control for SAL inverter based single-phase DSTATCOM.

verter based single-phase DSTATCOM. Using the dis-
crete-time model derived in Section 11.B, the controller is de-
signed in this section.

A. Reference Generation for Source Current

At the left-hand side of Fig. 3, the reference generation for
the source current is illustrated. By using the p-g theory [38], vs
is selected as the a-axis quantity vs,. Then a z/2 lag of vs is
conducted to obtain the g-axis quantity vsg. Similarly, the
af-axis quantities iz, and iz are obtained from i.. Applying
Akagi’s p-g theory [34], the load active power is computed as

1 . .
p.= E(VSa Iy TVsp "Lp) (11)

The fundamental load active power P, can be tracked by
applying a low pass filter (LPF). The error between the refer-
ence and actual total DC link voltages is processed by a pro-
portional integral (PI) controller to obtain the power loss P, ,
which is associated with maintaining the DC-link voltage. As
the source only supports the fundamental load active power and
the power loss, P + P, is used to calculate the af-axis quan-

tities of is as
I;a _ 2 VSO! vSﬂ |: ploss + ﬁL:| (12)
i;ﬂ Vga + vgﬁ VSﬂ _VSa 0

g . . -
where g, isthe desired reference signal for the source current,

™ ™

e, Ig =Ig,.

B. Minimize Cost Function of MPC

The predictive current control algorithm can maintain the
source current at the desired value in the condition of the dis-
torted load current. Thus, the error between the reference and
predicted source currents should be minimized in the MPC
scheme. In order to obtain the minimum error, we apply a cost

function, in which Np and N are the predict horizon and control
horizon, respectively. The MPC will apply Nc number of con-
trol variables (u(k), u(k + 1), «-+, u(k + N¢ - 1)) to predict N,
number of future output variables (y(k + 1), y(k + 2), «-+, y(k +
Np)). We define the cost function J as

J=(-R)"(Y-R) (13)

where Y = [is(k + 1) is(k +2) ... is(k + No)T; R=[y a1" i ()

and ig(k) represents the reference of source current. Y is
computed as [36]

Y =Fx(k) +dU (14)
where U = [u(k) u(k + 1) --- u(k + Nc - D];
[ CA
CA?
F=| CA’ |
M
| CA™
[ CB 0 0 L 0
CAB CB 0 L 0
®=| CA’B CAB CB L 0
M M M O M
|CA%?B CA%?B CA%®B L CA%™ B

As u has seven possible control actions (1, 2/3, 1/3, 0, -1/3,
-2/3, -1), all possible control actions of U are (U,,U,,L ,U,),
where N =7". The future output (Y,,Y,,L ,Y,) are comput-
ed utilizing (14) and the possible control actions of U. Then,
(Y,,Y,,L ,Y,) and R are substituted into (13) to obtain the
values of objective function (J,,J,,L ,J,). The minimal
value Jmin can be found. Then, Jmin corresponds to the optimal

control action Ug,, which obtains the minimum error. The
present control action is the first control action of Ugy, i.e.,



TABLE IV
SWITCHING COMBINATIONS OF S4L INVERTER BASED SINGLE-PHASE DSTATCOM
Error of (F:’resent Inductor Dual Buck Converter Full-bridge s N
DC Voltages onj[rol Current Terminal Voltage Inverter Switching Combinations
Action Output Voltage
A Ugp(K) i Vpn Viny S1|S2|S3|S4|S5|S6|S7| S8
A > V4/3+5 Ugp(K) >0 ii>0 +Vn +Vq 1]1]0]0 1 1 0] 0 1
A>Vy/3+5 Ugp(K) >0 ir<0 +Vp +Vp 10| 0 1|0 1 1 0
A >Vy/3+5 Uop(K) <0 ii>0 +Vp -Vp oj1|1]j]o0]O]1|1]o0O
A > Vy/3+5 Uop(k) <0 ir<0 +Vp -Vn 0 1 1 0 1 0 0 1
A < V3-8 Ugp(K) >0 ii>0 +Vp +Vp 1 /0|01 ]0]1]1]0O0
A < Vye/3-8 Uop(k) >0 ir<0 +Vp +Vn 1 0 0 1 1 0 0 1
A < V3-8 Ugp(K) <0 ii>0 +Vq -Vp o|1|]1]0]1]0]oO 1
A < V3-8 Uop(k) <0 ir<0 +Vp -Vp 0 1 1 0 0 1 1 0
Vie/3-6 < A <Vge/3+8 Up(k) =1 +Ve +Vge 1 0 0 1 0 0 1 1
Vie/3-8 < A <Vg/3+3 Ugp(K) = -1 +Ve Ve 0 1 1 0 0 0 1 1
Vie/3-8 <A <Vgef3+8 | Ugp(K) =2/3 +Vp +Vp 1 /0|01 ]J]0]1]1]0O
Viol3-8 <A < Ve/3+8 | ugp(k) = -2/3 +Vp Vp ol1]1]JoJol1]l1]o0
Vie/3-8 <A <Vaf3+8 | Uop(k) = 1/3 +V, +V, 1{ofjof1|1]o]]o]1
Vie/3-8 <A <Vgef3+8 | Ugp(k) =-1/3 +Vn -Vn 0| 1 1|10|1]|]0]|0O 1
Ugp(K) =0 +Vae 0 1]1]0]1]0]0]0]1 1
Uop(k). The aforementioned procedure has been summarized in TABLE 11|

Fig. 3.

C. DC Voltage Balancing

In order to maintain vy and vy at 2Vqe/3 and Vgc/3, respectively,
a DC voltage Balancing algorithm is applied in the controller.
The error between the upper arm and lower arm voltages can be
defined as follows:

(15)

A threshold ¢ is utilized to guarantee the voltage balance.
Thus, A should be within the range of [Vu/3-0, Vu/3+4]. It is
noted that the sum of v, and v, is maintained at the reference
value by the PI controller. If A > V4/3+4, it means vj is higher
than its upper boundary and v, is lower than its lower boundary.
The voltages can be balanced by charging v, or discharging vp.
If A <Vqe/3-9, it means v, is lower than its lower boundary and
Vy is higher than its higher boundary. The voltages can be bal-
anced by charging v, or discharging vn. If A €[V4c/3-0, Vac/3+4],
the switching combinations just follow the calculated ugp(k).
When ugp(k) = 0, the output voltage of the SAL inverter should
be zero. The detailed DC voltage balancing algorithm is pre-
sented in Table I1l. Based on the DC voltage balancing algo-
rithm, the corresponding switching combinations are listed in
Table IV.

A=v,-v,

D. Design of System Parameters

Based on the equivalent circuit of the S4L inverter based
single-phase DSTATCOM as presented in Fig. 2, the required
full DC link voltage should be higher than the maximum source
voltage to obtain the compensation current. Thus, the minimum
full DC link voltage is calculated as

Vdc(min) > \/EVS(rms)

where vsims) is the source nominal voltage.

The design of the DC link capacitor is based on the capability
of regulating its voltage under the transient states. We assume
the DSTSTCOM is connected to an S VA system. The variation
of the energy during the transient is AS VA, where 1 is the

(16)

DC VOLTAGE BALANCING ALGORITHM
Input uop(k), Vp, v and it
If A > Vae/3+0, Uop(K) >0 and ir>0
Lower arm is charged; vinv is positive.
If A>Vuc/3+9, Uop(k) >0 and ir< 0
Upper arm is discharged; vinv is positive.
If A > Vae/3+0, Uop(K) <O and ir>0
Upper arm is discharged; vinv is negative.
If A>Vuc/3+9, Uop(k) <O and ir< 0
Lower arm is charged; vinv is negative.
If A <Vuc/3-3, uop(k) > 0 and i >0
Upper arm is charged; vinv is positive.
If A <Vige/3-6, Uop(k) >0 and ir< 0
Lower arm is discharged; vinv is positive.
If A <Vue/3-8, uop(k) < 0 and it >0
Lower arm is discharged; vinv is negative.
If A <Vige/3-6, Uop(k) <0 and ir< 0
Upper arm is charged; vinv is negative.
If Vae/3-8 < A < Vye/3+8 and Uop(k) =1
Full DC link is connected; viny is positive.
If Vae/3-8 < A <Vge/3+6 and Uop(k) =-1
Full DC link is connected; vinv is negative.
If Vae/3-8 < A < Vie/3+8 and uop(k) = 2/3
Upper arm is connected; vinv is positive.
If Vge/3-8 < A < Ve/3+6 and Uop(K) = -2/3
Upper arm is connected; viny is negative.
If Vae/3-8 < A < Vie/3+8 and uop(k) = 1/3
Lower arm is connected; Viny is positive.
If Vae/3-8 < A < Vae/3+6 and Uop(k) = -1/3
Lower arm is connected; vinv is negative.
If Uop(k) =0
Vinv = 0.
Output gate signals G1-G8

variation ratio. If the capacitor voltage changes from the ref-
erence value V. to Vyek during the transient, using the principle
of energy conservation, the equation governing Cqc is written as

1

ECdc (dec _deck ) = ASt, 17)

where tsis the time for the capacitor voltage to be restored. As



the upper and lower arm capacitors are series connected, Cgc1
and Cqc can be calculated as
C,. =C,, =2C,, (18)
As given in [39], the upper and lower limits of switching
frequencies fupp and fiow satisfy the following equations

\Y/
o = —— 19
P 15.6hL, (19)
flow = Vdc (20)
32.1hL,

where h is the magnitude of the ripple current. The selection of
the inductance Lr depends on Vg, h, fupp and fiow. According to
IEEE recommended limits on harmonic current injected into
the grid at the point of common coupling [5], the ripple current
injection has to be lower than 0.3% of rated current of the
system. h can be expressed as

h= S -0.3% (21)
VS(rms)
Then Lt can be calculated as
= Vdc (22)
KSthSW

where 15.6 < Kgy < 32.1 and fiow < fsw < fupp.

20 p—

1
MPC current control

Fig. 4. Block diagram of control loop.

E. Design of PI Controller Gains

The block diagram of the control loop is shown in Fig. 4. It
consists of the inner MPC based current control loop and the
outer PI controller based DC voltage control loop. It has to be
mentioned that the dynamics of the MPC based current control
is much faster than that of the PI controller based DC voltage
control. The transfer function of the PI controller is given by

K.
H(s) =K, +— (23)
S
As the MPC based current control has much faster dynamics
compare with the PI controller based DC voltage control, the
transfer function Gi(s) can be considered as one when we de-
sign the outer PI controller. Hence, we can have
G (s)=1 (24)
The dynamics of the DC link capacitor can be described by
the following equation.
1 ¢/
Vi =— | (i dt
Cu It
Based on (25), the transfer function of the outer DC voltage
control loop is given as follows:
V. (9) _ 1

67 ",

(25)

(26)

Using (23), (24) and (26), the system closed loop transfer
function is calculated as follows:

#(5) = H(S)G (s)G,(s) _  Kys+K;
1+H(S)G(5)G,(s) Cys” +K s+K;

From (27), the system characteristic equation can be ob-
tained as

@7)

Ces’+K,s+K; =0 (28)
In order to ensure the system is stable, the closed-loop poles
should lie in the left half of s-plane. Thus, K, > 0 and K; > 0.
However, the closed-loop poles in the left half of s-plane does
not guarantee satisfactory transient response characteristics of
the system. The values of K, and K; have to be designed con-
sidering the transient response characteristic of the system. The
system characteristic equation can be rewritten as

s?+2fm,5+w! =0 (29)
Based on (28), the natural frequency w, and damping ratio &
can be computed as

0,= |5 (30)
Cdc
¢= ,—Kp (31)
B 2 Kicdc
In order to avoid the overdamping, & should satisfy
0<&<1 (32)

Substitute (31) into (32), the relation between K, and K; can
be described as

2
0<—2F
dc

<K, (33)

IV. EXPERIMENTAL RESULTS

The experimental study is carried out to verify the perfor-
mance of the S4L inverter based DSTATCOM. A downscaled
laboratorial prototype has been built as illustrated in Fig. 5. The
CREE MOSFETs based half-bridge modules are applied for the
dual-buck converter and full-bridge inverter. Two DC capaci-
tors are connected at the DC link of the dual buck converter.
The dSPACE 1202 is applied as the DSP. A Lecroy oscillo-
scope is used to capture the waveforms. A RLC circuit is con-
nected through a diode bridge rectifier as a nonlinear load. The
nonlinear load configuration is shown in Fig. 6. A RL circuit is
series connected as a linear load. The system is originally op-
erated under the linear load condition. Then the load side is
switched from the linear load to the nonlinear load. The solid
state relays are used for the load step change.

A. Calculation of System Parameters

The supply voltage is at the rated frequency and magnitude
(50 Hz and 110 V) for the downscaled system. Using (16),
Vae(miny Should be high than110 x v2 = 115.5 V. Thus, the full
DC link voltage is chosen as 160 V. Considering a 550 VA
system, i.e., S = 550, variation ratio 1 is 0.3, the capacitor
voltage changes from 160 V to 140 V during the transient, and
ts = 0.02 s, using (17) Cqc is calculated as 1100 uF. Then using
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Fig. 6. Nonlinear load configuration.

TABLE V
SYSTEM PARAMETERS

. =11
Source nominal frequency and voltage Vs(rms) ov

fs =50Hz
DC-link voltage Vye =160V
R, =200
. L, =6.5mH
Nonlinear load R, = 200
C, = 3900 uF
) Ry =200
Linear load L, =18 mH
Inductor Ly = 6.5mH
. . Caer = 2200 pF
DC-link capacitor Cop = 2200 UF
Sampling time T, = 40 us; 100us
- fupp = 25 kHz
Switching frequency fiow = 10 kHz
Dead time tg=2us
Predict horizon and control horizon x" f ;
=
Threshold §=15V
LPF cut-off frequency fc =30Hz

TABLE VI
Pl CONTROLLER GAINS AND STEP RESPONSE DYNAMIC
PERFORMANCE INDEX

Kp 0.38

Ki 88.10
Damping ratio £=0.61
Response time tr=2.5ms
Overshoot percentage o% = 22%
Settling time ts =20 ms

(18), Cge1 = Cacz = 2200 uF. In this experiment, we manage to
operate the inverter of the system at two different switching
frequencies 25 kHz and 10 kHz to validate the feasibility of the
proposed S4L inverter based DSTATCOM. Thus, fupp = 25 kHz
and fiow = 10 kHz. Using (21) and (22), Ls is calculated as 33.2
mH and 27.4 mH under foaw = fiow and fsw = fupp, respectively.
Then Lt can be chosen as 30 mH. It has to be mentioned that 30
mH is for convention two-level inverter based DSTATCOM.
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Fig. 7. Step response of DC link control
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Fig. 8. Bode plot of closed loop transfer function ¢(s) for DC link voltage
control.

The reason is that the two-level inverter can only output zero
and full DC link voltage. A large inductance is needed for
mitigating the harmonics in the injecting compensation current.
However, the large inductance leads to large volume and heavy
weight of the filter inductor, which should be avoided in the
practical application. In this work, a smaller filter inductor, i.e.,
6.5 mH, is used to replace the large inductor. By using the
smaller filter inductor, it can also show the superior perfor-
mance of the multilevel inverters based DSTATCOMSs in mit-
igating the harmonics. The parameters of the system are sum-
marized in Table V.

B. Calculation of Pl Gains

In Section I1V.A, the settling time is chosen as ts = 20 ms. To
achieve the settling time, the response time t; is chosen as 2.5
ms. The crossover frequency wc roughly sets the control
bandwidth. The closed-loop response time t, is approximately
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1/ewc. Hence, wcis computed as 400 rad/s. Based on (27) and w,
the PI controller gains K and K; are designed using MATLAB
PID tuner toolbox, i.e., K, = 0.38 and K; = 88.10. The PI con-
troller gains are listed in Table V1. The step response of the DC
link control is shown in Fig. 7. The performance index of the
step response is summarized in Table VI. Based on K, Ki and
(27), the bode plot of the closed loop transfer function ¢(s) for
DC link voltage control is illustrated in Fig. 8. It is noted the
phase margin is 120< which ensures the stability of the DC link
voltage control.

C. Experimental Results

The experimental results are presented in Figs. 9-14. The
THDs of is and i. under the linear load and nonlinear load

conditions are given in Table VI and Table VII, respectively.
The experimental results of the two-level inverter based
DSTATCOM under fyp, = 25 kHz are shown in Fig. 9. In Fig.
9(a), it can be observed that by injecting the compensating
current i, the source current is can be restored to the sinusoidal
waveform and in phase with source voltage vs. It is noted that
the waveform of i is sinusoidal before the load step change, as
the DSTATCOM only has to inject the reactive power during
the linear load condition. The waveform of is is distorted after
the load step change, as the DSTATCOM will compensate both
the reactive power and the distorted load current during the
nonlinear load condition. In Fig. 9(b), the output voltages Viny of
the conventional two-level inverter are Vg, 0 and -Vg.. The DC
link voltage vqc can be maintained at 160 V. The details of the
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voltage levels are illustrated in Fig. 9(c). the proposed S4L inverter based DSTATCOM under fypp = 25
The experimental results of the three-level inverter based  kHz. In Fig. 11(a), it can be observed that it has less harmonics
DSTATCOM under fyp = 25 kHz are shown in Fig. 10. As  than that in Fig. 10(a). Hence, the THD of is can be further
shown in Fig. 10(a), the three-level inverter based reduced. As summarized in Tables VII and VIII, the THD
DSTATCOM can provide a smoother compensating current ir  reduction of is is 64.7% and 54.7%, respectively, under the
compared with the two-level inverter based topology. Thus, the  linear and nonlinear load conditions. Compared with the
THD of is is reduced. As presented in Tables VII and VIII, the  three-level inverter, the S4L inverter significantly improves the
THD reduction of is is 45.1% and 44.2%, respectively, under  performance of the DSTATCOM (64.7% > 45.1% and 54.7% >
the linear and nonlinear load conditions. In Fig. 10(b), the  44.2%). It has to be mentioned that the performance of the
output voltages vin Of the three-level inverter are Ve, Va/2, 0,  three-level inverter based DSTATCOM under the linear load
-Vie/2 and -Vge. The DC link voltages v, and v, can be main-  and nonlinear load conditions is nearly the same (45.1% ~
tained at 80 V. The details of the voltage levels are shown inFig.  44.2%). However, the S4L inverter based DSTATCOM has
10(c). better performance under the linear load condition than the
Fig. 11 shows the load step change experimental results of  nonlinear load condition (64.7% > 54.7%). The reason is that



TABLE VII
THD oF CURRENT UNDER LINEAR LOAD
Different inverters based THD (%)  THD reduction of

DSTATCOM is iL is

. 40 s 51 03 0

Two-level inverter 100 1 12 03 0
. 40 s 28 03 45.1%
Three-level inverter 100 1 65 03 12.0%
. 40 us 18 03 64.7%
SAL inverter 100 38 03 66.1%

*The THD of is in two-level inverter based DSTATCOM is chosen as the
benchmark for the THD reduction calculation.

TABLE VIII
THD oOF CURRENT UNDER NONLINEAR LOAD
Different inverters based THD (%) THD reduction of

DSTATCOM is iL is

. 40 us 86 234 0

Two-level inverter 100 221 234 0
. 40 us 48 234 44.2%
Three-level inverter 100 127 234 125%
. 40 us 39 234 54.7%
SAL inverter 1004 95 234 57.0%

*The THD of is in two-level inverter based DSTATCOM is chosen as the
benchmark for the THD reduction calculation.

both the upper and lower arm DC link capacitors of the

three-level inverter share half of the full DC link voltage (Vuc/2).

There is no difference between outputting the upper and lower
arm voltages, as they are both Vg/2. Thus, the DC voltage
balancing issue has no impact on the performance of the
three-level inverter. For the S4L inverter, the upper and lower
arm capacitors share two thirds and one third of the full DC link
voltage (2Va/3 and Vu/3), respectively. In Fig 11(a), the
waveform of the compensation current is is sinusoidal under the
linear load condition. Thus, the utilization rates of the upper
and lower arm capacitors are the same. In Fig. 11(b), it can be
observed that v, and vy can be well maintained at 2Vq/3 and
Vad/3 (107 V and 53 V) before the load step change. It means
there is no DC voltage balancing issue under the linear load
condition. In Fig. 11(c), vinv Only jumps to the adjacent levels,
when there is no DC voltage balancing issue. Fig. 11(d) shows
the details of vp, Vi, Vpn and viny under the linear load condition.
It can be observed that vin, can provide four voltage levels (Vac,
2V4e/3, Vie/3, 0) and the symmetrical part (-Vae, -2Vae/3, -Vae/3,
0). vinv only jumps to the adjacent levels under the linear load
condition. In Fig. 11(a), after the load step change the required
waveform of i is distorted under the nonlinear load condition.
Thus, the utilization rates of the upper and lower arm capacitors
are not the same. The upper arm capacitor is required to be

discharged more frequently than the lower arm capacitor. In Fig.

11(b), it is noted that after the load step change, v, decreases
until it reaches its lower boundary (99 V); v, increases until it
reaches its upper boundary (61 V). Unlike the three-level in-
verter, the DC voltage balancing issue has an adverse impact on
the performance of the S4L inverter. We assume the lower arm
capacitor should be charged according to the calculated optimal
control action ugp(K). If vy is lower than its lower boundary, we
have to charge the upper arm capacitor instead of charging the
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lower arm capacitor. Hence, in Figs. 11(e) and (f), it can be
observed that viny can jump from 0 to 2Ve/3 or -2Vgd/3. It in-
troduces more harmonics in i; compared with the linear load
condition. This is the reason that the S4L inverter based
DSTATCOM has better performance under the linear load
condition than the nonlinear load condition (64.7% >54.7%).
Even though the S4L inverter has the aforementioned drawback,
the performance of the S4L inverter based DSTATCOM is still
better than that of the three-level inverter based DSTATCOM
under the nonlinear load condition (54.7% >44.2%).

The experimental results of the two-level inverter,
three-level inverter and proposed S4L inverter based
DSTATCOMs under fiow = 10 kHz are shown in Figs. 12-14,
respectively. As presented in Tables VI and VII, the S4L in-
verter still improves the performance of the DSTATCOM
(66.1% > 42.0% and 57.0% > 42.5%) compared with the
three-level inverter. Furthermore, the S4L inverter based
DSTATCOM still has better performance under the linear load
condition than the nonlinear load condition (66.1% >57.0%).

V. DISCUSSION

The feasibility of applying the proposed S4L inverter in the
single-phase DSTATCOM system has been validated in this
paper. Furthermore, by connecting the dual buck converter to a
three-phase two-level inverter, the SAL inverter can be easily
adopted in the three-phase DSTATCOM system. The topology
of the three-phase S4L inverter is presented in Fig. 15. The
number of the required switches and capacitors is 10 and 2,
respectively. The feasibility validation of the SAL inverter
based three-phase DSTATCOM will be presented in the future
work.

T~ Cuez

G
G8
)

Dual Buck Converter

Fig. 15. Topology of the three-phase S4L inverter.

On the other hand, Y. Liu and F. L. Luo also adopt the trinary
hybrid multilevel inverter in three-phase DSTATCOM [40].
The trinary hybrid multilevel inverter is one type of H-bridge
cascaded inverters, which can offer five levels for
DSTATCOM. However, it suffers from an inevitable disad-
vantage, i.e., each phase has to be formed from a single-phase
H-bridge cascaded inverter for the three-phase system. Thus,
the number of the required switches and capacitors are 24 and 6,
respectively. The increased semiconductor count brings up the
cost of the system. Compared with the hybrid multilevel in-
verter, the S4L inverter is a more cost-effective solution for the
three-phase DSTATCOM system.



VI. CONCLUSION

This paper proposes a S4L inverter based single-phase
DSTATCOM that obtains superior performances compared to
the two-level inverter and three-level inverter based
DSTATCOMs under both the linear and nonlinear load condi-
tions. The S4L inverter based DSTATCOM can mitigate the
harmonics of the source current by providing four levels for the
required output voltage of the inverter in the DSTATCOM.
Specifically, the dual buck converter can output full, two thirds,
and one third of DC link voltages. Including the zero voltage
provided by the two-level inverter, the output voltage of the
proposed SAL inverter can be four levels. The proposed S4L
inverter based DSTATCOM shows superior performance over
the conventional three-level inverter based DSTATCOM with
the same component count.

APPENDIX

A. Comparison of Switches Voltage Rating

The topology of the T-type converter based single-phase
DSTATCOM s presented in Fig. 16 [28]. In the T-type con-
verter, the voltage stress on S1, S2, S3 and S4 is full DC link
voltage Vqc. The voltage stress on S5, S6, S7 and S8 is half DC
link voltage Vgc/2.

o

Critical
Nonlinear

Load
G2 S2 G4 S4

Fig. 16. Topology of the T-type converter based single-phase DSTATCOM.
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S3and S4 is also full DC link voltage Vqc. The voltage stress on
S5, S6, S7 and S8 in the S4L inverter is illustrated in Fig. 17.

Based on the voltage stress on the switches, the voltage rat-
ing of the switches in the T-type converter and the SAL inverter
is compared in Table IX.

TABLE IX
COMPARISON OF VOLTAGE RATING OF SWITCHES IN T-TYPE AND S4L
INVERTERS
Number of switches with different voltage rating
Topology
Vge/3 2Vq/3 Vg2 Ve
T-type 4
Three-level 28] 0 0 (S5,56,57.58) 4
2 2
Four-level S4L (S6,58) | (S5, 7) 0 4

S5 and S7 of the SAL inverter has higher voltage rating than
those of the T-type converter. S6 and S8 of the S4L inverter has
lower voltage rating than those of the T-type converter. Thus,
the cost of the T-type converter and the S4L inverter can be
considered nearly the same. However, as the S4L inverter can
output four voltage levels, it can provide better performance
than the T-type converter.

B. Comparison of Switching Losses

In order to compare the switching losses between the T-type
converter and the proposed S4L inverter, the DC link voltage is
chosen as 1200 V, the nominal system power rating is 10 KVA.
Infineon IGBT 1200 V, 40 A IKWA40T120 is used to handle the
full and two thirds of the DC link voltage (1200 V and 800 V).
Infineon IGBT 600 V, 50 A IKW50NG60T is applied to handle
the half and one third of the DC link voltage (600 V and 400 V).
According to the datasheet provided by Infineon, the total
switching losses of switches with different collector-emitter
voltage are listed in Table X.

TABLE X

COMPARISON OF TOTAL SWITCHING LOSSES OF SWITCHES WITH DIFFERENT
COLLECTOR-EMITTER VOLTAGE

Switches with different collector-emitter voltage

50 A IKW50N60T 40 A IKW40T120

400 V 600 V 800 V 1200 V

Total switching

losses* (mJ) 2.6 3.4 8.8 13.4

+
- +
Vdc/3 T Coc2 ]l%a vde/3 4
n - ]J({S
LR S8
Vdc/3
(@) (b)

2vdc/3

+

L +
2vdc/3 ke 2vdc/3 7;—

L +
Vde/3 7 Vde/3 ==

(© (d)
Fig. 17. Voltage stress on S5, S6, S7 and S8 in the S4L inverter (a) S6 and S7
are on, S5 and S8 are off; (b) S5 and S8 are on, S6 and S7 are off; (c) S5 and S6
are on, S7 and S8 are off; (d) S7 and S8 are on, S5 and S6 are off.

In Fig. 1, it can be observed that the voltage stress on S1, S2,

*The total switching losses include the losses due to diode recovery and the
operating junction temperature is 25° C.

Based on the total switching losses provided by Infineon, the
efficiency of the SAL inverter and the T-type converter under
fupp = 25 kHz and fiow = 10 kHz can be calculated and summa-
rized in Table XI.

TABLE XI
COMPARISON OF EFFICIENCY OF T-TYPE CONVERTER AND S4L INVERTER
UNDER DIFFERENT OPERATING FREQUENCY

T-type [28] S4L
25 kHz 10 kHz 25 kHz 10 kHz
Efficiency (%) 98.8 99.1 98.7 99.0

It is noted the efficiency of the S4L inverter is only slightly
lower than the T-type converter. Considering the superior THD




performance of the S4L inverter, it is still a promising solution
for the DSTATCOM system.
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